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New Pb, Sr and Nd isotope data from volcaniclastic sediments steady-state volcanic systems, volcanic arcs are
recovered from the Tonga forearc and Lau Basin permit the known to rift periodically, resulting in the formation
isotopic evolution of a section of this arc system, next to the of marginal, or backarc basins. The processes that
modern island of Ata, to be traced through the backarc basin occur during this rifting have been the focus of conrifting process from 7-0 Ma to the present. The new data sug- siderable research, although the nature of arc rifting
gest that the isotopic character of the mantle wedge remains is still only understood in outline. Of special interest
constant, and of Pacific mid-ocean ridge basalt (MORB) is the effect that arc rifting has on petrogenesis and
character, during the early rifting phase. The isotopic evidence how this is linked to the tectonic evolution of an arc
supports trace element data in showing an increase in the sedi- system. By examining the changes that affect an
ment contribution to arc petrogenesis about 2-3 my. after the intra-oceanic volcanic arc during its rifting we hope
start of Lau Basin rifting. Since 0-45 Ma the sediment con- to gain insight into the factors that control petrotribution decreased to pre-rift values with the initiation of genesis, as many of the potential variables (e.g.
spreading in the adjacent backarc basin, where the high sedi- thickness of arc lithosphere, rate of subduction,
ment influence is not seen in the isotopes. The isotopes show a amount of sediment subduction) are known to
relative increase in the volcaniclastic compared with pelagic change during this process. We choose to study an
sediment involvement during rifting. The inferred peak in sedi- intra-oceanic arc, as such arcs are typically less
ment subduction is probably the result of a decoupling of the two structurally and geochemically complex than their
plates owing to roll-back of the Pacific lithosphere at the time of continental counterparts, thus avoiding the need to
arc rifting.
account for the assimilation of the continental crust.
KEY WORD& isotopes; Pacific; rifting; subduction; volcanism

INTRODUCTION
Volcanism in association with subduction has been
recognized since the earliest days of the plate tectonic paradigm. Recent models of arc petrogenesis
relate magmatism to decompression melting in the
mantle wedge, with additional melting caused by the
presence of fluids derived from the subducting
oceanic slab (e.g. Pearce & Parkinson, 1993). The
contribution which the sedimentary cover to the
descending plate makes to petrogenesis has been a
particular source of controversy (e.g. Gill, 1981;
Arculus & Powell, 1986). As well as operating as
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The objective of this paper is to study the processes which are involved in arc rifting of a single arc
segment over a period of 7 m.y., using isotopic data,
in conjunction with new and previously published
trace and rare earth element analyses of volcaniclastic sediments recovered by drilling at ODP Site
840 on the Tonga forearc (Parson et al., 1992). The
sediments accumulating in the forearc form a talus
apron derived from the adjacent arc volcano,
meaning that temporal variations in the sediment
geochemistry can be used to trace the nature of the
arc volcanism itself. The time resolution available
through the biostratigraphic dating of these sediments (better than 100 k.y. in the Neogene) permits
the rift tectonics, and isotopic and geochemical
changes, to be readily compared and related. The
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Models of arc petrogenesis
Petrogenesis in subduction-related settings involves
melting of the mantle wedge above a subducting
oceanic slab, principally caused by decompression
melting and the presence of aqueous fluids expelled
by the subducting plate. These hydrate the overlying
wedge, which is then subsequently dragged by the
convection in the wedge below the amphibole stability field at ~100 km depth, resulting in melting
(e.g. Tatsumi, 1989). These fluids result in melting
by lowering the solidus temperature. The watery
fluids affect the volcanic chemistry by carrying elements from the altered igneous basement and from
the sedimentary cover into the mantle wedge (e.g.
Tatsumi et al., 1986). The fluids may also preferentially scavenge certain elements [e.g. large ion
lithophile elements (LILE)] from the mantle wedge
and concentrate them in the arc volcanics (Le Bel et
al., 1985). In addition, some workers (e.g. Green &
Ringwood, 1968; Marsh & Garmichael, 1974) consider melting of the downgoing slab to contribute to
the arc petrogenesis, although this is now considered
to be important only during the initial phases of
subduction (e.g. Pearce et al., 1992). The relative
contribution of sediments to petrogenesis is variable,
depending partially on the thickness and character of
the sediments being subducted (e.g. Vroon et al.,
1993), and partially on the degree of depletion of the
overlying mantle wedge (e.g. Hawkesworth &
Ellam, 1989). When the mantle wedge is very
depleted then the contribution of the sediments to
petrogenesis is higher, owing to the relative lack of
input from the wedge.
Melt generation is markedly affected by the episodic rifting of island arcs during the formation of
marginal basins. Rifting causes changes in the character, location and chemistry of the arc volcanism
(e.g. Karig, 1975; Hussong & Uyeda, 1981; Taylor,
1992; Parson & Hawkins, 1994; Clift, 1995). Exactly
how the crustal rift tectonics relate to changes in the
lithosphere and asthenosphere is unclear. A limited
data set, derived principally from the volcaniclastic
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record of the Izu-Bonin and Tonga systems (Hiscott
& Gill, 1992; Fujioka et al., 1992; Clift & Dixon,
1994) suggests that thinning of the arc lithosphere
may be the principal control on volcanism during
the early rift period, with magmatic underplating
reversing changes in the nature of volcanism during
the post-break-up period. No change is required in
the nature of the asthenosphere undergoing melting
to account for known geochemical variations. Such
trends are in accord with the observation of Plank &
Langmuir (1988) that volcanic arcs with thick crusts
tended to have chemistries more enriched in incompatible elements than arcs with thin crusts. They
related this to the thickness of the arc lithospheric lid
controlling the height of the melting column under
the arc, and thus the degree of partial melting.
Other models of backarc basin rifting can be
tested by the isotopic data from the Tonga forearc.
Crawford et al. (1989) suggested that backarc rifting
may be related to the upwelling of a hot mantle
diapir beneath an island arc. In the Sumisu Rift of
the Izu-Bonin Arc the REE, as well as Pb and Nd
isotopes, from the earliest backarc basin basalts
(BABB) indicate little influence from the subducting
slab, but instead a mantle source similar to that
which is producing enriched-MORB and oceanisland basalts (OIB) at Pacific hotspots (Hochstaedter et al., 1990). No such similar characteristics
are known from the earliest Lau Basin BABB (Parson
et al., 1992), although this may reflect the fact that
the oldest site sampled, ODP Site 834, may not
represent the very earliest crust within the backarc
basin. Isotopic data from the volcaniclastic sediments at ODP Site 840 should show if the mantle
below the arc volcanic front at the time of break-up
was different from the present-day mantle, and if so
if it had similar characteristics to Pacific or Indian
Ocean MORB or OIB sources. This is of importance
as the Lau Basin has lain close to the boundary
between the isotopically distinct Pacific and Indian
MORB source region since the initiation of
subduction in the Eocene (Loock et al., 1990; Hergt
& Hawkesworth, 1994). Furthermore, the rifting of
the Lau Basin has been linked to a change in the
source mande underlying the arc from Pacific to
Indian character in terms of lead isotopes (Hergt &
Hawkesworth, 1994). Comparison of the forearc
sediments with ashes and basalts in the backarc
region will show whether the Tonga system exhibits
the same small-scale mantle isotopic heterogeneity as
found between the Izu-Bonin Arc and the Sumisu
Rift (Hochstaedter et al., 1990).
Recent work, particularly following the campaign
by the Ocean Drilling Program (ODP) in a number
of the arcs of the western Pacific (Legs 124-128 and
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sands at any one place on the forearc comprise a
mixture of basaltic to rhyolitic glasses erupted over a
short time span from a single segment of the arc.
Although primary liquids must have undergone
fractional crystallization to produce the evolved
glasses, the lack of fractionation between different
isotopes of the same element means that the isotopic
signatures of the rhyolitic glasses, as well as those of
the basaltic ashes, can still be used to infer the character of the source mantle and to compare with the
existing basaltic glass data.
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Regional geology of Tonga Axe system
The modern Tofua Arc and Lau Basin represent a
classic example of an arc and backarc basin system
(Karig, 1970; Hawkins, 1974; Gill, 1976), which has
developed as a result of subduction of the Pacific
lithosphere under the eastern edge of the IndianAustralian plate. Subduction commenced in this
region at ~ 4 5 Ma (Herzer & Exon, 1985).
However, the present system dates from the late
Miocene, when the Lau Basin was generated by
rifting of the Tonga Arc (Parson et al., 1992). Rifting
had started by at least 7-0 Ma, although the generation of new backarc crust may postdate this by as
much as 1-4 m.y. A minimum age of 5-6 Ma is given
for the oldest igneous crust in the new basin, taken
from sediment interbedded within basalts at ODP
Site 834 (Fig. 1; Shipboard Scientific Party, 1992a).
The original Miocene arc is now preserved on the
western side of the Lau Basin as a remnant arc called
the Lau Ridge. In this paper we shall refer to the
earlier Miocene arc as the Lau Ridge Arc. Rifting
separated the Lau Ridge Arc from its forearc basin,
now called the Tonga Platform, and led to its
eventual volcanic extinction. Volcanism did,
however, continue on the Lau Ridge until the early
Pleistocene, as recorded by the Mago Volcanic
Group of Fiji (Gill, 1976; Cole et al., 1985). Since
rifting began, a new arc, the Tofua Arc, has been
generated on the trench side of the basin. Activity on
the Tofua Arc dates from ~3-0 Ma (middle
Pliocene; Tappin et al., 1994) in the vicinity of ODP
Site 840 (Fig. 1), although the Tofua Arc may have
initiated earlier further north and propagated south
in advance of the backarc spreading centers (Parson
& Hawkins, 1994). The Tofua Arc was founded on
rifted blocks of the Lau Ridge Arc, which were left
on the trench side of the Lau Basin. The Tonga
Platform has thus been in a forearc position to both
the Lau Ridge Arc and the Tofua Arc, and so in a
position to record the volcanic products of each. The
nascent Lau Basin is not thought to have contributed
significantly to the sedimentation at ODP Site 840,
owing to the great depth of the basin (~2500 m)

and the submarine character of the volcanism which
occurred there through much of its history. Although
the rafting of pumice could have redeposited some
material from the basin onto the forearc, the vast
majority of volcanic material erupted in the Lau
Basin was ponded locally and can be chemically distinguished from the contemporaneous Tonga
Platform deposits (Clift & Dixon, 1994).
The Tonga system was chosen for this study as the
sequence recovered at ODP Site 840 (Shipboard
Scientific Party, 19926) provides a long, relatively
well-recovered section of sediment dating from early
in the rift history at 7-0 Ma, through the generation
of the oldest backarc crust at 5-6 Ma, and the reestablishment of arc volcanism along the Tofua Arc
at 3-0 Ma (Fig. 2). The section provides an
important addition to the information derived from
the BABBs, which necessarily record only the postbreak-up volcanism, but provide no information on
any changes in the arc volcanism before rifting. In
addition to considering the forearc volcanic sediments, samples taken from the backarc basin allow
the nature of the volcanism at ODP Sites 835, 837
and 838 to be characterized beyond the initial phase
of basalt volcanism that marked the earliest rifting of
individual sub-basins. These sediments provide
further data to test the relationship between the isotopic evolution of the volcanism and the spreading
ridge propagation. Data from backarc ashes also
provide a test for the hypothesis of Clift et al. (1995)
and Bednarz & Schmincke (1994) that the backarc
volcaniclastic sediments principally came from
within the basin rather than being derived from the
arc.

Previous geochemical work on the
Tonga—Lau Basin arc system
The Tonga-Lau arc and backarc system has been
the target of many geochemical studies. Ewart et al.
(1994) provided a useful review of the work to date
and showed how the degree of depletion in incompatible elements increases eastwards across the basin,
and northwards along the length of the Tonga Arc.
Ewart et al. (1994) explained this pattern of regional
geochemistry as the result of two competing processes, melt extraction along backarc spreading
centers and the enrichment in LILE from the subducting zone. Pearce et al. (1995) also highlighted
the subduction input by showing that basalts from
the Eastern Lau Spreading Center have much higher
enrichment in LILE relative to the Central Lau
Spreading Center (Fig. 1). They further demonstrated that whereas LREE, Th, Ba and Rb are all
enriched close to the arc, only Ba and Rb could be
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134-135), is beginning to piece together a common
sequence of volcanic events that characterize the
rifting of intra-oceanic arcs. Study of volcaniclastic
sediments in particular has provided a relatively
complete and well-dated record of arc volcanism
during the break-up period. The volcaniclastic rocks
which form the basis of this study were collected on
the Tonga Platform and in the Lau Basin (Fig. 1)
between December 1990 and February 1991 during
ODP Leg 135 (Parson et al., 1992).
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Niuatoputapu
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834
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Fig. 1. Outline map of the Lau Basin showing the positions of ODP Sites 835, 837, 838 and 840. Bathymetry in kilometers, with areas
lying above 2 km shaded gray. Line with triangular teeth denotes plate boundary, with triangles on the overriding plate. Hatched area
of Lau Basin corresponds to the area produced by spreading along the Eastern and Central Lau Spreading Centers, with the ages
marked along the pseudo-fault showing the southward propagation of the Eastern Lau Spreading Tip. CLSC, Central Lau Spreading
Center, ELSC, Eastern Lau Spreading Center.

found at intermediate distances from the arc volcanic front.
Clift & Dixon (1994) conducted a detailed survey
of the major element chemistry of ashes at ODP Site
840, and in addition analyzed individual basaltic
glass shards from a series of stratigraphic levels for
their trace element and REE contents. A trend to
increasing degrees of incompatible element depletion

was observed with time between 7-0 and 5-0 Ma,
seen in the major element chemistry as a fall in the
alkali element contents. Decreasing Nb/Zr and La/
Sm over the same time interval showed that the high
field strength elements (HFSE) and REE also
became progressively more depleted with time. Such
a chemical trend may be generated from a given
volume of asthenosphere through repeated melt
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are coded as follows: 1, carbonate ooze and limestone; 2, siltstone;
3, sandstone; 4, conglomerate and breccia, mbsf, meterj below
seafloor.

extraction. Alternatively, increasing degrees of
partial melting of a constant mantle composition
would also result in increasing depletion in the melt.
Clift & Dixon (1994) explained the chemical trends
at ODP Site 840 using a model in which thinning of
the arc lithosphere during rifting increased the
height of the melting column in the upwelling asthenosphere, so causing an increase in the degree of
partial melting (see Plank & Langmuir, 1988).
A significant data set of Sr, Nd and Pb isotopic
data now exists for the basalts erupted in the backarc
basin (Jenner et al., 1987; Volpe et al., 1988; Loock et

THE VOLCANICLASTIC
RECORD
Sediments from both backarc and forearc share
characteristics that make them appropriate for this
study. For a reconstruction of the arc volcanism to
be made it is crucial that the sediments are representative of the local volcanism at the time of their
deposition. If along-arc transport of ash material is
significant then the sediment in any one place could
come from different parts of the arc, with very different chemical characteristics. Interbedded within
nannofossil oozes, the volcanidastic facics analyzed
are dominated by mass-flow and high-density tur-
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al., 1990; Vallier et al., 1991; Hergt & Hawkesworth,
1994), as well as along the length of the modern
Tofua Arc (e.g. Ewart & Hawkesworth, 1987). A
number of along-arc variations are seen in the isotopic characteristics of the arc lavas. North of the
Peggy Ridge, the islands of Tafahi and Niuatoputapu (Fig. 1) have more radiogenic isotopes than
those south of the ridge. Isotopically, they are more
100
similar to Pacific MORB, rather than Indian
MORB, as are the arc volcanoes south of Ata (Hergt
& Hawkesworth, 1994). In addition, Volpe et al.
(1988) suggested that the isotopic signature of the
recent volcanic rocks erupted north of the Peggy
Ridge could be explained by a mixing of a MORB200type source asthenosphere and enriched asthenosphere from the nearby Samoan hotspot. The arc
south of the Peggy Ridge and north of Ata has an
w
Indian Ocean MORB character, whereas Ata itself
lies in a transitional state between the two mantle
E
300
domains (Ewart & Hawkesworth, 1987). Hergt &
Q.
Hawkesworth (1994) suggested that subduction0)
driven convection was responsible for drawing in an
Q
Indian Ocean-type asthenosphere under the arc
during the rifting. This hypothesis was proposed
because of the distinctive isotopic characteristics of
400 the mantle in the Indian as opposed to the Pacific
Ocean, which Loock et al. (1990) compared with
modern basalts from the Lau Basin, showing that
Indian Ocean asthenosphere seemed to be the source
of petrogenesis in the northern Lau Basin, whereas
Pacific Ocean asthenosphere was the source for the
500Lau Fa Ridge in the southern Lau Basin. Hergt &
Hawkesworth (1994), using Pb isotopic data from
older BABB, extended this model to show that the
Fig. 2. Simplified ledimentary log of the sequence at ODP Site 840 Indian Ocean asthenosphere replaced the original
showing the location of samples analyzed marked by arrows. Key
dates from biostratigraphy are shown at major changes in the sedi- Pacific asthenospheric wedge during the propagation
ment column, correlating with different phases in therifting:65 of the modern backarc spreading centers. They also
Ma, volcanidastic sedimentation decrease owing to subsidence of demonstrated that the Lau Ridge Arc had about the
arc volcanoej; 525 Ma, age of oldest backarc crust and itart of same degree of chemical influence from the subvoluminous syn-rift volcanism; 50 Ma, end of significant volcaniclajtic sedimentation; 30 Ma, initiation of Tofua Arc. Lithologia ducting slab as the modern Tofua Arc.
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Volcanoes in the Lau Basin could have provided
some material to ODP Site 840 during the earliest
phases of rifting; however, the sedimentary evidence
from the basin indicates that this rapidly deepened
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to water depths of > 2000 m, so that although occasional airfall deposits may have fallen on the forearc
from these sources, no major redeposition of material
would have been possible. Some backarc basin volcanism pre-dates the volcaniclastic hiatus at ODP
Site 840, e.g. the basaltic basement at ODP Site 834
dated as 5-4 Ma (Shipboard Scientific Party, 1992a).
The sediments deposited at ODP Site 840 between
the earliest backarc basin crust formation and the
break in significant volcaniclastic sedimentation at
5-0 Ma must therefore have been derived either from
the Lau Ridge Arc in areas where the nascent rift
was not so well developed as to be an effective
sediment trap, or by airfall processes from volcanic
seamounts in the rift itself, some of which may have
been subaerial. Although this period may thus seem
to be one of apparently complex provenance for the
sediments at ODP Site 840, it is noteworthy that as
the line of rifting was close to the original volcanic
front of the Lau Ridge Arc, the distinction between
arc and backarc during the earliest phase of
extension is a somewhat artificial one. The earliest
seamounts of the Lau Basin were in effect a continuation of the Lau Ridge volcanism (Parson &
Hawkins, 1994), and as such the chemical significance of the grains deposited at ODP Site 840
before effective separation of the Lau Ridge and
Tonga Platform remains unaffected. The volcaniclastic hiatus seen at ODP Site 840 after 5 0 Ma
represents the final separation of the Lau Ridge and
Tonga Platform, and shows that the Lau Basin was
an effective barrier to sedimentation until the start of
activity on the Tofua Arc.
In the Lau backarc basin the major and trace
element characteristics of volcanic grains show that
individual drill sites (ODP Sites 834-839) have a
distinctive character (Clift & Dixon, 1994) indicating sediment ponding. The facies and textural
evidence for proximal origin is also supported by the
rugged topography and underfilled nature of graben
in the Lau Basin. The redeposited volcanic sediment
could not have been transported over distances
greater than 15-20 km within the basin. The sediments are interpreted as being derived relatively
locally by mass-flow processes from active seamount
volcanoes (Bednarz & Schmincke, 1994; Clift et al.,
1995), and are ponded in small (2—5 .km wide)
graben, overlying BABBs. These factors permit the
use of reworked volcaniclastic sediments as indicators
of the nature of backarc volcanism during basin
opening. Material taken from the backarc basin was
from high-density, proximal, mass-flow deposits,
found relatively low in the section at each site. This
was to insure that they represented the products of
the local volcanism. Higher in the section thin ash

1158

Downloaded from https://academic.oup.com/petrology/article/37/5/1153/1514340 by Louisiana State University user on 29 November 2021

bidite sands and gravels, suggesting proximal sedimentation (Shipboard Scientific Party, 1992a,
19924). At ODP Site 840 the sediments form an
apron of debris that has been derived directly from
the adjacent Lau Ridge and Tofua Arcs (Bee, 1994;
Clift & Dixon, 1994). Figure 2 shows the general
character of the sediment column together with the
location of the samples analyzed. All the analyzed
material comes from redeposited volcanic sands,
usually containing a mixture of volcanic glass types,
as well as detrital clinopyroxene, orthopyroxene,
olivine, plagioclase and iron oxide grains. The sedimentary beds are of variable thickness, ranging from
a few centimeters up to several meters thick. The
sands are often massive, but in some instances show
planar parallel lamination, cross lamination, and
occasional convolute slump folds. A general fining up
within individual beds, together with these structures, indicates deposition by high-density turbidity
currents. Massive volcanic gravels and conglomerates up to several meters thick are also noted and
are seen to be both clast- and matrix-supported.
Erosive bases and reverse grading are commonly
observed in these deposits and an origin as submarine debris flows is most likely. The observed
sedimentary structures do not suggest the strong
influence of contourite currents. A small proportion
of the volcanic material in the upper 4 m of the
sediment column is present as primary pyroclastic
sediments. These range from 5 to 13 cm in thickness
and comprise a mixture of crystal-rich lapilli and
volcanic glass shards. Primary pyroclastic layers are
not found through the bulk of the sedimentary
section. On a microscopic scale the sands comprise
abundant fresh, angular glass shards, often with
delicate morphologies. This evidence argues against
long transport ( < 50 km) or significant reworking.
At ODP Site 840 the lack of major reworking seen in
the biostratigraphy (Shipboard Scientific Party,
19924), and the identification of consistent trends in
trace element chemistry up-section (Clift & Dixon,
1994) support a model of sedimentation with
minimal reworking. High-resolution seismic profiles
indicate a simple subsidence and infilling stratigraphy, without major erosive channel sequences
(e.g. Austin et al., 1989). The sedimentary evidence
points to the volcanic sediments at ODP Site 840
being deposited on a submarine fan and derived
from the active arc volcanoes lying just to the west,
which in the modern arc is represented by the island
of Ata.
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ANALYTICAL PROCEDURES
Samples considered in this study were analyzed for
major and trace elements before isotope work was
carried out. Those samples that were partially or
fully indurated were impregnated with epoxy resin,
after which double-polished probe thin sections of 1inch width were prepared. Less well-indurated sediments were disaggregated by mixing with water and
placing in an ultrasonic bath for 24 h. After this, the
sediments were sieved through 125 /im, 63 /im and
45 /im sized grilles and washed by a high-pressure
water jet. A selection of grains from the largest size
fraction ( > 125 /im) was then mounted in epoxy and
polished, using first 6 /im and then 1 [im diamond
paste. The slides were carbon-coated before electron
probe analysis, and were analyzed using a Cameca
Gamebax Microbeam electron microprobe at the
University of Edinburgh for a series of 10 major elements: Si, A], Na, K, Ca, Mg, Fe, P, Ti and Mn. A
beam current of 10 nA was employed, operating at a
voltage of 20 kV. A count time of 30 s was used for
each element. The trace element and REE composition of the glasses was measured by a Cameca ims 3f
ion microprobe at the Woods Hole Oceanographic
Institution and by a Cameca ims 4f ion microprobe
at the University of Edinburgh. In each case, a 25
/im beam with a 90 V offset was used. Table 1 shows
the major, trace and rare earth element compositions
derived from microprobe analysis for the ashes considered in this study.
One sample was selected from each of three
backarc basin sites (ODP Sites 835, 837 and 838)
and 15 samples from one site on the Tonga Platform
(ODP Site 840) for isotopic analysis. The material
analyzed in this study ranges from basaltic andesite
to rhyolite in composition (51-76% SiOj). The
individual clasts were removed from mixed redeposited volcaniclastic sediments, not the primary
tephra layers, seen towards the top of the section.
Each analyzed sample weighed at least 200 mg. Pb
contents of Tonga basaltic glasses typically range
from 2-2 to 15 p.p.m., but reach as high as 75 p.p.m.
(Clift & Dixon, 1994), confirming that both the

basaltic and rhyolitic glasses would contain enough
Pb for isotope analysis. However, the Pb contents of
each individual sample were not determined, but
may be reasonably assumed to be high enough not to
introduce major errors owing to mass fractionation.
At ODP Site 840 samples were taken so that the
complete history since 7-0 Ma could be reconstructed. Special attention was paid to the time
period around 5-0 Ma. This just postdates the time
of the oldest BABB extrusion and is also the time at
which both the volcanic productivity and the
depletion in incompatible elements of the arc volcanism reached the maximum (Clift & Dixon, 1994).
Where possible, single large grains of pumice, taken
from volcaniclastic gravels and conglomerates, were
selected. Larger grains were crushed before
treatment. When no large grains were available
smaller grains were picked from sieved and washed
sediments.
All samples were leached before preparation for
analysis, as each sample had been removed from
sediment and it was important to remove any contamination from the hemipelagic oozes and clays.
Alteration of the volcanic glass in such small grains
represents a major question to the confidence which
can be placed in the analytical results. Visually, very
few of the grains show any cloudiness attributable to
hydration. Low analytical totals can arise from an
indigenous volatile content in the melt or from subsequent hydration, possibly without accompanying
visual evidence. Primary water contents in the melt
may be expected to rise during crystal fractionation
(e.g. Burnham & Jahns, 1962) but in a varied suite
of lavas evolving under different conditions of
volatile degassing, and perhaps differing primary
water contents, a range of volatile contents might be
expected over much of the compositional spread,
with a broad correlation between volatile-loss
measured by (100%—total), and silica content.
Figure 3 shows this to be the case. The data have a
sloping upper bound which corresponds to the
effective upper limit of SiO2 in a granitic liquid
when subject to a variable addition of volatiles. This
plot allows very anomalous low totals at a particular
silica content to be identified and rejected as
probably subject to secondary hydration.
An important additional source of error and
uncertainty is the loss of sodium under the electron
beam. This is a well-known phenomenon (e.g.
Neilson & Sigurdsson, 1981) and was documented at
ODP Site 840 by Clift & Dixon (1994). The
expected levels of total alkalis at ~ 8 % in the most
siliceous glasses are not achieved, because sodium
declines sharply with silica content from basaltic
andesite compositions onwards. Potassium values are
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layers and pumice fragments are found within hemipelagic nannofossil ooze; these most probably
represent the products of subaerial and shallow submarine eruptions on the Tofua Arc, after extinction
of the volcanic seamounts within the basin. Bednarz
& Schmincke (1994) also suggested that some of the
more alkaline rhyolitic Pleistocene ashes might be
derived from the Taupo Volcanic Zone of New
Zealand. Their volume within the sediment column
is minimal.
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Table 1: Major and trace element compositions of volcanic glasses used in the isotopic studies
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CLIFT AND VROON

ISOTOPIC EVOLUTION OF TONGA ARC

Fig. 3. Diagram showing the relationship between total silica
contents of volcanic glass shards from ODP Site 840 with their
apparent volatile contents expressed as 100% minus analytical
total (after Qift & Dixon, 1994).

scattered but not so conspicuously subject to loss.
Sodium loss under the beam causes the apparent
concentration of other elements to rise. As sodium
loss is related to silica content and is not subject to a
constant loss factor, and volatile content is also
broadly related to silica, the two effects counteract
each other and measured abundances of most elements, except sodium, are probably not far from
their volatile-free levels. The upper bound of the
data in Fig. 3, projected back to a volatile-free composition, gives ~ 8 2 % SiO 2 . Allowing for sodium
enhancement of ~ 5 % , a more reasonable anhydrous
rhyolitic glass figure results. Rather than compute a
sodium-loss correction and then correct all the
resultant data to a volatile-free basis, the data have
been left uncorrected. They have instead been
weeded for suspiciously low totaling analyses below
the lower line in Fig. 3, which takes account of the
fact that volatiles increase with silica and uses
Burnham & Jahn's (1962) estimates of the water
contents of saturated basaltic and andesitic glasses.

RESULTS

Major and trace element chemistry
Figure 4a shows an alkali—iron-magnesium (AFM)
triangular diagram with the ODP Site 840 glasses
falling on a consistent tholeiitic trend. By plotting
K 2 O against SiO 2 for all ODP Site 840 glasses (Fig.
4b) it may be seen that they may be classified as lowor medium-K tholeiites according to the scheme of
Peccerillo & Taylor (1976). In addition, co-variation
diagrams demonstrate that concentrations of MgO
and CaO change with SiO2 along a well-defined
trend for all glasses, regardless of their age (Figs 4c
and 4d). A typical tholeiitic fractionation series of
olivine followed by olivine, clinopyroxene and magnetite fractionation is shown by the pattern. A kink
Seawater alteration of glasses can affect the in the MgO trend at ~ 5 0 % SiO 2 signifies the start
chemistry, especially of the water mobile elements of clinopyroxene and magnetite crystallization. The
(Jezek & Noble, 1978), such as Sr, but this is not major elements are compatible with a common
thought to be a serious problem here. As discussed origin for the glasses, in which the rhyolitic and
below, the results from the Sr isotopes show similar dacitic glasses are derived by fractional crystaltrends to the water immobile elements, suggesting lization of basaltic liquids, and are not derived from
that if seawater alteration was active then it could a different source. A similar situation is inferred from
not have been to any great extent. If alteration had multi-element spider diagrams (Fig. 5). The plots
been important then the effect of the hydration are arranged so that the compatibility of the elewould be expected to increase down section, and this ments in mantle phases increases in either direction
away from Nb. Water mobile elements are placed on
is not observed.
the left of the diagram, and immobile elements on
Samples were first cleaned by ultrasonicating in
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100% -Total

deionized water and were subsequently leached with
hot 3 M HC1 for 1 h. After rinsing with ultrapure
water the samples were dissolved in a 1:4 HNO3-HF
mixture in screw-cap PFA capsules. The Pb
separation was similar to that described by White &
Dupre (1986). The wash from the Pb columns was
retained for Sr and Nd isotope determinations,
which were separated with standard ion exchange
techniques. Pb isotope ratios were measured in a
static mode on a variable five-collector VG354. The
results were corrected for mass fractionation based
on 10 runs of NBS-981 (l-29%o/a.m.u.). Sr and Nd
isotopes were measured on the same instrument,
using the procedure described by Thirl wall (1991).
The results of 10 runs of NBS-987 and 10 runs of the
Aldrich laboratory standard (see Thirlwall, 1991)
during the period of laboratory work yielded an
87
Sr/ 8? Srof0-710214±25 (2 SD) and 1+3 Nd/ 144 Nd of
0-511427 ± 8 (2 SD), respectively. Total procedure
blanks were: < 1 ng Pb, < 1 ng Sr and < 0 5 ng Nd.
Two samples, 840C-4H-6, 34 cm, and 840B-10XCC, 4 cm, were run twice, and one sample, 840C8H-1, 97 cm, was run three times for all isotopes to
demonstrate that mass fractionation did not
introduce significant errors into the measured isotope
ratios.
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Fig. 4. (a) AFM diagram showing that the ODP Site 840 volcanic sediments fall on a common tholeiitic trend, (b) K 2 O vs SiO 2
diagram showing the consistent low- and medium-K tholeiitic glasses at ODP Site 840. Compositional fields arc from Peccerillo &
Taylor (1976). (c) MgO vi SiO 2 diagram, and (d) CaO vs SiO2 diagram showing the fraction icquence common to all analyzed rocks
from ODP Site 840.

the right [modified after Pearce (1983)]. The
element concentrations are all normalized to NMORB (Sun & McDonough, 1989) We plot multielement diagrams for both basaltic and more evolved
glasses from the same sediment layers to compare
their form. The plots share several features,
including the strong enrichment in water mobile
incompatible elements for all glasses, owing to flux
from the subducting slab. In addition, they share the
strong Nb depletion characteristic of arc rocks. As
might be expected, the rhyolitdc glasses show greater
concentrations for all incompatible trace elements,
although the difference is more pronounced for the
most incompatible elements, especially Nb. This is
interpreted as being the result of their preferential
concentration into the liquid during fractional crystallization. In the plotted examples Eu is seen to be
rather variable, being enriched and depleted relative
to the other trace elements plotted. In the younger,
Tofua Arc glasses (840C-1H-2, 114 cm, and -4H-6,
34 cm) the evolved glasses show positive Eu
anomalies owing to the presence of plagioclase
phenocrysts within the ground mass analyzed by the
ion beam. These contrast with the slight negative
anomaly seen in the more primitive glass from

sample 840C-4H-6, 34 cm. This pattern is interpreted to reflect the precipitation of plagioclase from
basaltic liquid, and that consequently the evolved
glasses represent a plagioclase cumulate rock. This
demonstrates that all the glasses are evolved to some
degree and therefore must have been ponded in a
crustal magma chamber before eruption. The older
evolved glasses of the Lau Ridge Arc (840C-10H-1,
3 cm, and 840B-57X-3, 81 cm) show negative Eu
anomalies resulting from removal of plagioclase from
the melt during the formation of these high-silica
rocks, i.e. these are not cumulates. The trace element
characteristics are consistent with the basaltic and
rhyolitic glasses being derived by fractional crystallization from a common parental magma with arc
characteristics. Despite the fractionation process, we
expect the evolved and primitive rocks to have identical isotope characteristics, as different isotopes of
the same element are not fractionated in this process.
The ponding of magma in chambers under the arc
could potentially result in assimilation of older arc
crust and thus contamination of the geochemistry
and isotope characteristics. However, the recognition
of coherent trends in trace element depletion and
enrichment in basaltic shards spanning the time of
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The Tofua Arc has more radiogenic 8 Sr/ Sr and
84OC-1H-2, 114cm-basaltic
unradiogenic 1+3 Nd/ 144 Nd than the samples from
B4OC-1H-2, 114cm- evolved
ODP Sites 837 and 835, and most of those from
84OC-4H-6. 34cm • basaltic
840C-4H-6, 34cm - evolved
ODP Site 840.
The Pb isotopes of ODP Sites 840, 835, 837 and
838 can be separated into two groups, one with high
206
Pb/ 204 Pb (18-89—18-93) and one with low
206pb/204pb ( 1 8 . 7 1 _ 1 8 . 7 5 . F i g . 7 ) T h e y i ar gely
overlap with Pacific MORB, with only a few samples
having 207 Pb/ 204 Pb and 208 Pb/ 2O4 Pb higher than
Pacific MORB at a given 206 Pb/ 204 Pb. In contrast to
the Nd-Sr isotopes, the Pb isotopes do not overlap
with the modern Lau Basin basalts. The ODP Site
840 samples do overlap in 207 Pb/ 204 Pb and
Sr K R b B a N b U C e N d Z r S m E u T i
D y Y Er
208 T ,204
Pb/ /u *Pb with the modern Tofua Arc, but show
100
840C-10H-1, 3cm - ba»altic
consistently higher ^ " P b / ^ P b . Only the modern
84OC-10H-1, 3cm - evolved
arc volcano on Ata shows strong comparisons with
84O8-57X-3, 81cm - basaltic
84OB-57X-3, 81cm - evolved
the older ODP Site 840 glasses. Analyses from ODP
Sites 835, 837 and 838 (marked by open squares)
overlap in time with the post-3-0 Ma volcaniclastic
sediments at ODP Site 840, but plot in very different
areas of each Pb isotope diagram. The analysis from
ODP Site 835 shows the most similarity with the
modern Tofua Arc, whereas that from ODP Site 837
is intermediate between the Tofua Arc and Ata.
ODP Site 838 shows similarity with the Ata Volcano
and the most recent analysis from ODP Site 840.
Y Er
The analyses from ODP Sites 837 and 838 fall within
the field of the Pacific MORB source.
Fig. 5. Multi-element trace element patterns, normalized against
The Sr/Nd characteristics of the ODP Site 840
N-MORB for rhyolitic ashes from (a) the new Tofua Arc (post-30
Ma), (b) the Lau Ridge Arc (pre-50 Ma). N-MORB values from
ashes are compatible with melting of either a Pacific
Sun & McDonough (1989). Basaltic glass data from Clift & Dixon
or an Indian Ocean MORB source. The spread of
(1994).
values away from these fields must be due to mixing
with another source on the right side of the diagram,
probably pelagic and trench sediments. Interestarc rifting (Clift & Dixon, 1994) suggests that if this ingly, the analyses fall between the MORB fields and
process is operational then it does not substantially the upper part of the Pacific sediment field of which
alter the original characteristics of the melt gen- only a part is shown in Fig. 6. Pacific sediments
erated at that time.
typically have high 87 Sr/ 86 Sr values compared with
the mantle and range down to a 143 Nd/'TMd value
Isotope chemistry
of 0-5119 (Ben Othman et al., 1989). The mixing
The Sr, Nd and Pb isotopic ratios measured are lines suggest that the sediments that have affected
ODP Site 840 glasses are typified by high
shown in Table 2 and compared with possible end- the
1+3
Nd/ 144 Nd values, which is more characteristic of
member asthenospheric sources, pelagic and trench
sediments, and specific units of the Tofua-Tonga Arc volcaniclastic rather than terrigenous sediment input
system in Figs 6 and 7. Sr and Nd isotopes are in the (e.g. Ben Othman et al., 1989).
The Pb isotopic data show analyses from ODP
range 0-70326-0-70373
and 051305-051312,
respectively (Fig. 6). The pumices of all sites overlap Site 840 falling along two diverging lines, correwith the published results of the modern Lau Basin sponding to glasses older than 5-0 Ma (i.e. Lau
(Volpe et al., 1988; Boesflug it al., 1990; Loock et al., Ridge Arc) and younger than 3-0 Ma (i.e. the Tofua
1990), except for three samples from ODP Site 840 Arc). The trend of both these lines is towards the
and one from ODP Site 838, which are shifted field of the Pacific MORB source, indicating that
towards higher 87 Sr/ 86 Sr. All samples overlap in this, rather than an Indian Ocean source, provided
143
' '"Nd/ 144 Nd values with Pacific MORB and Indian the melts sampled, and that there was no change in
/86c
MORB, but are shifted towards higher H/Sr/Bt>
Sr. the nature of the mantle wedge during the arc break-

(a) 100.
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Table 2: Isotope analyses ofvolcanidastic sedimentsfrom the Lau Basin and Tonga
Platform
Age (Ma)

-PW-Pb

•WFb

-PW-Pb

"Sr/^Sr

143

Nd/ 144 Nd

840A-1H-1,102cm

0-35

18-733

15-549

38-450

0-703299±13

0-513047 ± 5

840A-1H-3,45cm

0-45

18-883

15-578

38-659

0-703730±11

0-513123 ±5

840C-1H-2,114 cm

200

18-899

15-583

38-591

0-703727±13

0-513124 ±5

840C-2H-1,6cm

2-50

18 893

15-577

38-561

—

—

840C-4H-6.34cm

300

18-909

15-577

38-593

0-703666±12

0-513099 ±5

840C-4H-6,34cm*

300

18-872

15-586

38-591

0-703678±11

0-513100±6

840B-10X-CC.4cm

3-40

18-724

15-597

38-451

0-703387±11

0-513104 ±5

840B-10X-CC.4cm #

3-40

18-746

15-579

38-460

0-70343±12

0-51311O±5

840B-11X-1,122cm

4-50

18-663

15-553

38-258

—

—

840C-5H-2,106 cm

4-60

18-703

16-556

38-274

—

—

840C-6H-4,123 cm

509

18-699

15-569

38-299

0-703255±11

0-513105±6

840C-7H-4,128 cm

5-11

18-707

15-569

38-270

0 703295 ±08

0-513090 ± 4

840C-8H-1,92cm

5-13

18-684

15-551

38-238

0-703284±10

0-513075 ±36

840C-8H-1,97cm

5-13

18-665

15-534

38-191

0-70328 ±28

0-513077 ±6

840C-8H-1,97cm #

5-13

18-691

15-564

38-296

0-703343±12

0-513085 ± 5

840C-8H-1,97cm'

5-13

18-680

15-548

38-241

0-703316± 14

0-513094 ±6

840C-9H-1,92cm

5-25

18 685

15-544

38-225

0-703344±11

0-513061 ± 5

840C-10H-1,3cm

6-30

18-738

15-594

38 403

0-703260±12

0 513098 ±5

840B-47X-CC, 19 cm

6-50

18738

15-568

38-383

—

—

840B-57X-3, 81 cm

6 85

18 690

15-554

38-318

0-703402±13

0 513087 ± 6

837A-9H-3,93cm

1-90

18-678

15-548

38-223

0-703210± 13

0-513081 ± 5

838A-11H-3,30cm

205

18-753

15-555

38-358

0-703673±11

0-513111 ± 5

835A-15H-6.83cm

2-80

18-591

15-544

38-264

0-703346±12

0-513081 ± 4

Tofua Arc

000

18-500

15-53

38-150

0-70350

0-51300

Ata

0-00

18-700

16-55

38-300

0-70320

0-51305

Pb isotope ratio errors (2 SD) based on 10 runs of N BS981 are 208Pb/2<MPb, ± 0 0 1 1 , 207 Pb/ 204 Pb, ± 0012, and 208 Pb/ 204 Pb, ± 0037.
Reported Sr and Nd errors are 2 standard errors. The averages for the Tofua Arc and Ata are from Hergt & Hawkesworth (1994).
'Repeat analyses.

up. The lines are interpreted as mixing lines between
the mantle source and a secondary component.
Grains older than 5-0 Ma show lower 206 Pb/ 204 Pb
ratios and appear to form a line between a point in
the Pacific MORB field and the field of Pacific
pelagic sediments. In contrast, the grains younger
than 3-0 Ma show a poorly defined trend from the
Pacific MORB field to a point nearer the trench
rather than pelagic sediments. In this respect, they
are similar to the modern arc volcanoes of Tafahi
and Niuatoputapu in the northern Tofua Arc (Ewart
& Hawkesworth, 1987; Fig. 1).
Temporal evolution
Plotting 2 0 6 Pb/ 2 0 4 Pb, 2o8 Pb/ 2O+ Pb

and

87

Sr/ 86 Sr

against time highlights some of the differences
between the Lau Ridge Arc and the Tofua Arc series
(Fig. 8). 206 Pb/ 2(H Pb and 87 Sr/ 86 Sr in particular
show a grouping of pre-50 Ma analyses, erupted
from the Lau Ridge Arc, distinct from those erupted
from the Tofua Arc after 3-0 Ma. The youngest
analysis that pre-dates initiation of activity on the
Tofua Arc (84OB-1OX-CC, 4 cm), and which was
taken from a turbidite sand, is seen to fall approximately in the same range as the older Lau Ridge Arc
analyses, and was probably reworked during the
period of tectonic instability when the Lau Ridge
was separated from the Tonga Platform. The Lau
Basin ashes, especially ODP Sites 835 and 837, do
not follow this temporal trend, but instead show
values more in keeping with those from the Lau
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0.7035

87
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Fig. 6. 143 Nd/ l44 Nd vs " S r / ^ S r variation diagram for the dacite and rhyolite dasts of the Lau Basin and Tonga Platform. Fields show
isotope compositions for Pacific and trench sediments (Sun, 1980; Tatiumi it al., 1986; Ben Othman it al., 1989; Hergt & Hawkeiworth,
1994), Tofua Arc (Ewart &. Hawkesworth, 1987) modern Lau Basin (Volpe it al., 1988; Boesflug it al., 1990; Loock it al., 1990) and
Valu Fa Ridge (Jenner it al., 1987). Tonga Platform (ODP Site 840) analyses are displayed as filled cirdes, with the Lau Basin analyses
shown as open squares. Crosses represent mixing compositions between different end-members. The four mixing lines shown indicate
mixing between a Padfic MORB source and either volcanic or terrigenous sediments, or the fluids derived from either of them. ML,
modern Lau Basin basalts. Reanalyzes of single samples are shown joined by a line.

Ridge Arc. Of note is the position of the youngest ODP
Site 840 analysis, which, as mentioned above, differs
from the other post-break-up analyses, and occupies a
position intermediate between those analyses and the
modern Tofua Arc south of the Peggy Ridge.

the sedimentary, slab-derived, end-member in the
mixing lines is noted to change during arc rifting.
The change in the isotopic composition of the subduction-related end-member to the mixing lines is in
conflict with the conclusion of Hergt & Hawkesworth (1994) that no change occurs in the subduction influence during basin rifting.
The markedly different isotopic ratios from the
INTERPRETATION AND
backarc sediments compared with those from ODP
DISCUSSION
Site 840 confirm that the sediment in the backarc
The results of the Pb isotope work indicate that the was not derived from the Tofua Arc, as predicted by
source of the sediments being deposited at ODP Site Clift & Dixon (1994). The isotopic signatures of the
840 changed in character between the end of vol- backarc grains are compatible with melting from the
canism on the Lau Ridge Arc and the start of vol- same asthenospheric source as the ODP Site 840
canism on the Tofua Arc. As the only source of grains, but with varying slab-derived components.
sediment at ODP Site 840 was the Lau Ridge Arc or The isotopic distinction between the Lau Basin and
the Tofua Arc, and various independent lines of Tofua Arc is similar to that seen in the modern
evidence point to a lack of sediment reworking on Sumisu Rift and Izu Arc (Hochstaedter et al., 1990).
the Tonga Platform, it follows that the change in
source can be interpreted as a change in the nature
of the active island arc volcanism. The Pb isotopic Petrogenetic implications
ratio plots (Fig. 7) show mixing lines that indicate The Pb isotope data from ODP Site 840 are compathe same asthenospheric source for the Lau Ridge tible with the model of Hergt & Hawkesworth (1994)
Arc and the early Tofua Arc. However, the nature of in showing that the changeover from Indian to Pacific
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Fig. 7. Variation diagram showing (A) ^ P b / ^ P b plotted against 207 Pb/ 2(H Pb and, (B) ^ P b / ^ P b plotted against 206 Pb/ 204 Pb for
dacite and rhyolite clasU from the Lau Basin and Tonga Platform. Analyies may be compared with MORB and other volcanic groups
within the southwest Pacific area. Fields and symbols as for Fig. 6. In addition, Pb composition for Pacific and trench sediments are from
Sun (1980), Ben Othman it al. (1989), McDermott & Hawkesworth (1991) and Hergt & Hawkesworth (1994). End-mcmben used in
mixing calculations are marked by a cross. Parallelograms show the size of the analytical uncertainties for each Uotope ratio. Modified
after Hcrgt & Hawkesworth (1994). Reanalyses of single samples are shown joined by a line.

asthenosphere under the arc system does not occur at
the earliest stage of rifting, but is linked to the propagation of backarc spreading centers. The closest
modern Tofua Arc volcano to ODP Site 840 is Ata,
which at present lies in the transition between the
Indian and Pacific mantle domains. As the southward
propagating Eastern Lau Spreading Center is only

just now adjacent to Ata it is not surprising that all
ODP Site 840 analyses show Pacific signatures.
The new data, however, show a marked contradiction to previous models in respect to the contribution of sediment subduction to arc petrogenesis.
Before the rifting of the Lau Ridge from the Tonga
Platform (pre-5-0 Ma) the Pb isotopes show a
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Fig. 8. Diagram showing the variation in ^ P b / ^ P b , Pb/ Pb, and "'Sr/^Sr with time at ODP Site 840. Open circle and arrow
repreients the modem Tofua Arc, north of Ata, and thefillediquare represents Ata.

mixture of mantle-derived Pb with Pb from Pacific
pelagic sediments (Fig. 7). Trace element data from
ODP Sites 834-840 (Clift & Dixon, 1994) suggest a
low sediment contribution to arc volcanism during
this period. Clift & Dixon (1994) used Ba/Zr to
model slab flux. Ba, being highly water mobile, is
enriched in arc lavas owing to flux from the subducting slab, whereas Zr is immobile in water and is
derived from melting of the asthenospheric mantle
wedge. By plotting only the more primitive basaltic
glasses (MgO >5%) variations in Ba/Zr owing to
fractionation can be eliminated, so that increasing
Ba/Zr can be relatively simply linked to increasing
slab flux. Figure 9a shows the relatively low and
constant level of Ba/Zr between 70 and 50 Ma. In
the period following arc break-up (i.e. post-50 Ma)
higher values of Ba/Zr suggest an increased sediment
contribution to petrogenesis both at the volcanic
front and backarc basin. The Pb, Sr and Nd isotopes
also indicate higher sediment contribution, as those
samples deposited at ODP Site 840 at 30, 25, 20
and 0-45 Ma all show a marked displacement
towards the sediment fields and away from the
Pacific MORB fields (Figs 6 and 7). The Pb isotopes
suggest that the composition as well as the quantity

of sediment changes between the Lau Ridge and
Tofua Arc phases of activity. Pacific pelagic sediments alone can explain the sediment contribution
before break-up; however, since that time there
seems to have been greater trench sediment contribution (Fig. 7).
The temporal variations in sediment contribution
to petrogenesis can be modeled through the use of
mixing calculations. The calculation was performed
using end-member values shown in Table 3 and
taken from Vroon et al. (1993). Two types of
sediment are considered, volcaniclastic and terrigenous. Isotopic ratios of sediment and their dewatering fluids are identical but the total
concentrations are different owing to the differing
mobility of these elements in water. As it is not clear
whether sediments direcdy contribute Sr and Nd to
the mantle wedge, or do it via dewatering fluids, we
plot both sediment and fluid mixing lines for each
sediment type in Fig. 6. The mobility values of
Tatsumi et al. (1986) are used to calculate element
concentrations for fluids from each of the different
sediment types.
The results of the Sr-Nd calculations are displayed
graphically in Fig. 9b, in which the degree of
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Table 3: Isotopic ratios used to determine mixing between mantle and sediment sources during
the rifting process
End-member

Wr

143

Nd/ 144 Nd

)

""Pb/^Pb
15-52

Sr (p.pjn.)

Nd (p.p.m.)

Pb (p.p-m.)

Pacific MORB

0-7027

0-51312

Indian MORB

0-7030

0-51305

Sediment (ten)

0-7110

0-51235

18-80

15-67

250

50

35

Sediment (vole)

0-7060

0-51275

1900

15-67

350

15

15

Fluid from Sed. 1

0-7110

0 51235

47-5

5-5

Fluid from Sed. 2

0-7060

0-51275

73-5

1-65

18-65

9

0-73

0-03

9

0-73

003

Fluid/element concentrations based on Tatsumi era/. (1986). Mobility of Sr=19%, and of Nd=11 % [see Lin et al. (1990)].

apparent sediment contribution is plotted against
time. In view of the considerable distance of the
Tonga forearc from any continental landmass and
the fact that all clastic sediment found in the forearc
basin is volcaniclastic, the volcanic sediment mixing
lines are considered the most appropriate. They
predict a maximum sediment contribution during
the rifting (20-0-45 Ma) of > 5 % , if sedimentderived fluid is solely responsible, or > 2 % if only
sediment is involved (Fig. 6). Sediment contribution
to the pre-5-0 Ma glasses (Lau Ridge Arc) was much

lower, 2-5% for sediment-derived fluid or 1% for
sediment. Regardless of the actual percentages a
common trend to increasing sediment contribution
during rifting is found whether sediment or
sediment-derived fluid mixing is assumed. The most
recent sample, dated at 0-35 Ma, shows a reversal of
the trend, with an apparent low sediment input
being erupted shortly after a strongly sediment-contaminated glass at 0-45 Ma.
Mixing lines for the Pb isotopes are generally not
considered such a sensitive indicator of the sediment
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The apparent 'slab flux' contribution for each
isotope ratio differs slightly, although a similar temporal pattern emerges in each case. The Pb isotope
results show that there was a fairly constant degree
of slab involvement before 5-0 Ma, but that after 3-0
Ma the ashes being deposited showed a much higher
proportion of 'slab flux' for all isotopes (Fig. 9c) followed by a decrease up to the present. A marked
decrease is seen in the past 0-45 m.y. towards the
present value at Ata, which in turn is more affected

by 'slab flux' than the main Tofua Arc. The Tofua
Arc does show values similar to the Lau Ridge Arc,
so that Hergt & Hawkesworth (1994) were broadly
correct to say that there is little difference in 'slab
flux' as a result of rifting. However, using the
improved temporal resolution available at ODP Site
840 it may be seen that there is a previously undetected maximum in slab flux following arc break-up.
It is noteworthy that an increase in slab flux since
break-up is also inferred for the Izu-Bonin Arc
during Sumisu Basin rifting (Gill et al., 1992).

Evolution of the mantle wedge
The progressive depletion of HFSE, LILE and REE
in basaltic ashes at ODP Site 840 before separation
of the Lau Ridge Arc and the Tonga Platform (Clift
& Dixon, 1994) could reflect progressive increases in
the degree of partial melting or increasing depletion
of the mantle source. The successive removal of melts
from the same volume of mantle would produce a
progressive depletion of the asthenosphere. Such a
situation might occur if circulation under the arc
had stagnated before separation of Lau Ridge Arc
from its forearc. In this case, a constant Pb isotope
signature for the mantle wedge asthenosphere before
separation would be predicted. This is observed but
does not prove that stagnation had occurred, as the
same isotope pattern could be produced if melting
was from a circulating asthenosphere of constant
isotopic character. However, the data do not rule
out this as a possible petrogenetic control.
After initiation of the Tofua Arc the reverse trend
to enrichment of incompatible elements with time at
ODP Site 840 could be due to decreasing degrees of
partial melting caused by magmatic underplating
under the new arc (Clift & Dixon, 1994). Alternatively, this trend could be due to influx of a new
chemically less depleted asthenosphere, i.e. normal
depleted upper mantle. Although depleted compared
with bulk Earth composition, a regular asthenospheric source would be less depleted than the
mantle it was replacing, as it would not have suffered the melt extractions associated with volcanism
on the Lau Ridge Arc. The isotopic data do not
require a change in the character of the wedge
mantle during the separation of the Lau Ridge and
Tonga Platform. This result means that both
changes in the nature of the asthenosphere and
decreasing partial melting may be controlling petrogenesis under the new Tofua Arc. That' flow of
mantle under the arc has occurred at this time is
unavoidable, owing to the progressive roll-back of
the Pacific lithosphere (e.g. Karig, 1970). Roll-back
must occur to accommodate opening of the Lau
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contribution as Sr and Nd. However, by considering
the Pb isotopic values to be caused by simple mixing
between an asthenospheric and a 'slab flux' component the pattern of slab influence may be calculated. In this method we can choose an appropriate
value for the asthenospheric end-member from the
Paci6c and Indian MORB fields. Defining the 'slab
flux' component is more problematic. The Pb isotope
diagrams show that two end-members are required
to account for the two mixing lines, depending on
the time of deposition. The first (older mixing line) is
chosen from within the pelagic sediment field of
Ben Othman et al. (1989). The second lies towards
the fields of Tafahi and Niuatoputapu (Ewart &
Hawkesworth, 1987), and trench sediments (Fig. 7).
Hergt & Hawkesworth (1994) chose isotopic values
from within the range of Tafahi and Niuatoputapu
from the northern end of the Tonga chain to
represent the 'slab flux' component. As the incompatible trace element contents of the modern lavas
on these islands are so low, these workers inferred
that the mantle wedge underlying the arc is
extremely depleted. A consequence of this is that the
composition of these rocks may be considered representative of 'slab flux', as this process, rather than
melting of the mantle wedge, must provide the bulk
of the incompatible elements present. As a consequence, the isotopic ratios of the Tafahi lavas will
be dominated by the slab flux (Hawkesworth &
Ellam, 1989). We chose a 'slab flux' value slightly
more radiogenic than the Tafahi range defined by
Ewart & Hawkesworth (1987), as one sample
(840C-4H-6, 34 cm) has a more radiogenic Pb
isotope signature than is covered by their value.
Table 4 shows the end-member isotopic ratios used
in this calculation, and the calculated relative proportions of the 'slab flux' component in each sample.
The slab flux for the modern Tofua Arc is calculated
for comparison using the Indian Ocean MORB
value and the Tafahi 'slab flux' end-member. The
youngest sample (840A-1H-1, 102 cm) is also calculated using the Indian MORB value, as this point
does not fall neatly on either mixing line and appears
to be transitional in character to Ata and the Tofua
Arc, suggesting an Indian MORB influence.
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Table 4: Estimatesfor the relative proportions of
'slab flux1 influence on the Tofua Arc, Ata and the
ashesfrom ODP Sites 835,837,838 and 840
ODP sample no.
18-820

16-660

38-830

Flux (Tafahi; volcaniclastic sediments)

18-960

15-610

38-700

Indian MORB

18-100

15-450

37-800

Pacific MORB

18-650

15-520

38080

% flux in modem Tofua Arc

46

50

39

% flux in Ata volcanics

69

62

55
72

%fluxin840A-1H-1.102cm

73

61

%fluxin840A-1H-3.45cm

75

64

77

% flux in 840C-1H-2,114 cm

80

70

82

%fluxln840C-2H-1.6cm

78

63

76

% flux in 840C-4H-6, 34 cm

83

63

82

% flux in 840C-4H-6,34 cm (repeat)

72

73

82

%flux in 840B-10X-CC, 4 cm

43

55

49

% flux In 840B-1OX-CC. 4 cm (repeat)

66

42

51

4

37

29

% flux in 840B-11X-1,122 cm
%flux in 840C-5H-2,106 cm

17

40

31

% flux in 84OC-6H-4,123 cm

29

35

29

% flux in 840C-7H-4,128 cm

34

35

25

% flux In 84OC-8X-1,92 cm

20

22

21

9

10

15

% flux in 840C-8X- 1,97 cm (repeat)

24

31

29

% flux In 840C-8X-1, 97 cm (repeat)

18

20

21

%fluxln840C-9H-1,92cm

21

17

19

%fluxin840C-10H-1,3cm

52

53

43

% flux in 840B-47X-CC, 1 9 cm

28

53

49

% flux in 840B-57X-3, 81 cm

23

24

32

% flux in 837A-9H-3, 93 cm

17

20

19

%flux In 838A-11H-3,30 cm

33

39

45

%flux in 835A-15H-6. 83cm

0

17

24

%fluxin840C-8X-1,97cm

Basin, which in turn requires the transfer of new
material under the arc to fill the space created. The
isotopic data point to this material being isotopically
identical to the Lau Ridge source.
Geodynamic implications
The increase in slab flux in the early Tofua Arc
compared with the Lau Ridge Arc may reflect a
number of important changes in the forearc. Gravitational roll-back of the Pacific lithosphere will tend
to reduce interaction between the subducting and
overriding plates and thus the degree of subduction

accretion or forearc erosion. Trench sediments, lying
on top of the sedimentary column, may have been
partially scraped off before rifting, but are more
likely to have been subducted once rifting was
initiated. Increased rates of trenchward tilting by the
outer forearc at the time of arc break-up (C. J.
MacLeod, personal communication, 1994) show an
increase in the extension and subduction erosion at
that time. The cycling time of sediments entering
subduction zones, calculated from ce data, is considered sufficiently short to allow enhanced sediment
subduction close to the time of arc break-up to be
recognized in arc volcanics 2-3 m.y. later (Tera et
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CONCLUSIONS
The volcaniclastic sediments of the Tonga forearc
basin, sampled at ODP Site 840, provide a
remarkably continuous record of the volcanism
along the adjacent section of the Tofua Arc since 7-0
Ma (late Miocene). Correlation with drill data from
the Lau Basin shows that this record spans the rifting
of the original Lau Ridge Arc and the initiation of
the Tofua Arc. Major element data show that the
volcanism is low- to medium-K tholeiite throughout
this process, with rhyolitic and andesitic lavas being
formed by low-pressure fractional crystallization of
more mafic liquids. Trace and rare earth element
data show a trend to increasing depletion in incompatible elements during the rifting, followed by the
reverse trend to enrichment in incompatible elements in the Tofua Arc. Pb isotope data indicate
that the character of the mantle wedge remains of
constant Pacific character during the rifting, supporting the hypothesis that variations in the petrogenesis were controlled by the thickness of the arc
lithosphere (Plank & Langmuir, 1988), which itself
is a function of tectonic extension and magmatic
underplating during the arc rifting process (Clift &
Dixon, 1994). Sr, Nd and Pb data support trace
element data in showing that there is a marked
increase in the contribution of sediment and/or
sediment-derived water to petrogenesis during the
earliest phase of activity of the Tofua Arc. The
sediment contribution also changes from being
purely pelagic to mixed pelagic and volcaniclastic.
This pulse of sediment influence lasted ~ 3 m.y. and
then decreased to the present level, which is comparable to that seen in the Lau Ridge Arc before
rifting. The peak in sediment influence on petrogenesis may be related to a roll-back of the downgoing plate and enhanced sediment subduction of
trench volcaniclastic material.
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al., 1986). An additional factor which may boost the
sediment contribution to arc petrogenesis in the
Tofua Arc is the maximum intensity of arc volcanism and volcaniclastic sedimentation, which
occurs during early arc break-up. This, plus tectonic
extension and rapid subsidence of the forearc,
resulted in the deposition of a thick volcaniclastic
package onto the forearc between 5-25 and 5-0 Ma
(Clift, 1994). That some of this pulse in sedimentation found its way into the trench seems very
probable, thus accentuating the increased sediment
contribution.
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